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HIGHLIGHTS 14 
 15 
 Highly-conductive double-wall carbon nanotube network films on plastic substrates are 16 
used as current collectors for supercapacitors.  17 
 Electrochemically-produced graphene and multi-walled carbon nanotube are blended to 18 
make films with high roughness for supercapacitor electrodes. 19 
 The all-carbon supercapacitor is solid-state, thin-film form, and bendable. 20 
 High energy and power densities are achieved.   21 
 22 
 23 
KEYWORDS 24 
 25 
Graphene, Supercapacitor, Carbon nanotubes, Gelled electrolyte, Electrochemical exfoliation.  26 
 27 
 28 
ABSTRACT 29 
 30 
We fabricated high performance supercapacitors by using all carbon electrodes, with volume 31 
energy in the order of 10-3 Whcm-3, comparable to Li-ion batteries, and power densities in the 32 
range of 10 Wcm-3, better than laser-scribed-graphene supercapacitors. All-carbon 33 
supercapacitor electrodes are made by solution processing and filtering electrochemically-34 
exfoliated graphene sheets mixed with clusters of spontaneously entangled multiwall carbon 35 
nanotubes. We maximize the capacitance by using a 1:1 weight ratio of graphene to multi-36 
wall carbon nanotubes and by controlling their packing in the electrode film so as to 37 
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maximize accessible surface and further enhance the charge collection. This electrode is 38 
transferred onto a plastic-paper-supported double-wall carbon nanotube film used as current 39 
collector. These all-carbon thin films are combined with plastic paper and gelled electrolyte 40 
to produce solid-state bendable thin film supercapacitors. We assembled supercapacitor cells 41 
in series in a planar configuration to increase the operating voltage and find that the shape of 42 
our supercapacitor film strongly affects its capacitance. An in-line superposition of 43 
rectangular sheets is superior to a cross superposition in maintaining high capacitance when 44 
subject to fast charge/discharge cycles. The effect is explained by addressing the mechanism 45 
of ion diffusion into stacked graphene sheets.   46 
 47 
1. Introduction 48 
Carbon nanomaterials have a unique place in nanoscience, due to their excellent physical and 49 
chemical properties. Energy storage is one of the important applications of carbon 50 
nanomaterials, because of their ability to trap charges coupled to a good conductivity. 51 
Electrodes made of carbon nanostructures have been applied in fuel cells [1, 2], lithium 52 
batteries [3], and supercapacitors [4]. Active-carbon-based electrochemical supercapacitors 53 
are commercially available and have wide applications in both energy storage and power 54 
supply. Supercapacitors have been proposed to store extra energy from solar panels and wind 55 
turbines [5]. Supercapacitors are superior to batteries in power density, but inferior in energy 56 
density. The supercapacitor-battery combination has been used in electrical vehicles, in 57 
which the supercapacitor provided a peak power during acceleration and hill-climbing, and it 58 
could be recharged by the battery during regeneration braking [6]. Commercial 59 
supercapacitors are bulky, due to the strong encapsulation required for the liquid electrolyte. 60 
On the other hand, energy storage components have to be as small as possible for lightweight 61 
and portable gadgets. In this regard, the development of solid-state thin film supercapacitors 62 
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that use carbon nanomaterials is highly desired. Research advancement in this area can also 63 
lead to novel design and manufacture of electrical vehicles: large-area thin film 64 
supercapacitors, for example, could be stacked together and combined with strong 65 
composites to make vehicle’s body panel with energy storage function.   66 
        In recent years, the use of carbon nanotubes (CNTs) and graphene to make 67 
supercapacitors has attracted the attention of researchers since they have a higher specific 68 
capacitance than active carbon. Research on CNT-based supercapacitors started before the 69 
isolation of graphene in 2004. So far, either forest-like arrays [7, 8] or networks [9] of CNTs 70 
have been tested as supercapacitor electrodes. However, the capacitance of these CNT-based 71 
supercapacitors is not satisfactory. A second approach is to use CNTs to support metal oxides 72 
[10, 11] or conductive polymers [12, 13] to create high-capacitance pseudocapacitors, which 73 
exploit the oxidation-reduction process to charge and discharge. Yet, these structures are 74 
inherently three-dimensional; thin-film supercapacitors have remained elusive because they 75 
employ a liquid electrolyte for the redox reactions, which is not easily supported in a two-76 
dimensional geometry. Compared to CNTs (either single-wall or multi-wall), graphene sheets 77 
have higher surface-to-volume ratio and result in higher capacitance when used as 78 
supercapacitor electrodes. Composites of graphene or graphene oxide (GO) and other 79 
materials such as polyaniline [14], TiN [15], MnO2 [16], RuO2 [17], and NiO [18] have been 80 
used as 3D-structured electrodes of liquid-phase electrochemical supercapacitors; however, 81 
electrodes made out of sole-nanocarbon 2D structures are more interesting as they allow the 82 
use of a gelled electrolyte and the fabrication of metal-free and solid-state thin film 83 
supercapacitors.  84 
       Graphene used in supercapacitors is commonly produced by high-temperature catalytic 85 
growth or wet-chemical exfoliation of graphite. Supercapacitors have been made [19] using 86 
the first method by growing graphene sheets onto a nickel foam. The nickel foam acts as both 87 
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the catalyst to grow graphene sheets in a 3D structure and as current collector for the 88 
supercapacitor. Though high-temperature-grown graphene provides a clean surface and high 89 
conductivity, the technique is costly and the yield of graphene is low. Many researchers used 90 
reduced graphene oxide (rGO), mostly prepared by wet-chemical methods, to make 91 
supercapacitors. GO sheets can be mass-produced at low cost by using graphite powder and 92 
chemicals including oxidizing agents and acids, according to the Hummer’s method [20]. 93 
Various wet-chemical methods have been developed to reduce GO, but the resistance of rGO 94 
is considerably higher than that of pure graphene [21]. To make a supercapacitor electrode, 95 
the rGO sheets were processed into 3D porous structure to improve their capacitance [22]. 96 
Such an electrode is usually tens of microns in thickness and is more suitable for liquid-97 
electrolyte-based capacitors. Sheng et al. electrochemically reduced and deposited GO sheets 98 
from an aqueous solution onto Au foils and made supercapacitors with capacitance of 240-99 
350 μFcm-2 [23]. Kaner et al. developed a novel technique to thermally reduce GO film by 100 
using the laser of a standard DVD optical drive, and combined the laser-scribed graphene 101 
film and gelled electrolyte to make solid-state supercapacitors with a capacitance of ~5 102 
mFcm-2 [24, 25]. The primary step in the fabrication of these supercapacitors is the 103 
preparation of GO, which uses many chemicals and is time-consuming. In this paper we 104 
explore a greener way to produce graphene and a novel method to make solid-state thin film 105 
supercapacitors with high performance. 106 
        The use of aqueous electrolyte containing ܵ ସܱଶି  ions to electrochemically exfoliate 107 
graphite is simple and time-saving, and the produced graphene is of high quality, comparable 108 
or even better than rGO [26-28]. In comparison, the standard wet chemical preparation of GO 109 
and rGO includes several steps for chemical reaction and purification. Here we produce 110 
graphene flakes by a fast electrochemical exfoliation method with mild chemicals, typically 111 
NaSO4 in water, and blend them to multi-wall CNTs (MWCNTs) to make thin electrode 112 
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films with high surface area for high-capacitance supercapacitors. We use highly-conductive 113 
double-wall CNT (DWCNT) films coated onto plastic papers as current collectors. Metal 114 
foils commonly used in electrochemical supercapacitors account for 20-30% of the total 115 
weight and have to undergo an anti-corrosion treatment. In our work, the DWCNT film is 116 
flexible and lightweight, free from any corrosion problem. A gelled electrolyte is used to bind 117 
the two carbon-nanomaterial layers to make a supercapacitor in the form of flexible film. We 118 
show that an in-plane assembly of supercapacitor cells increases the voltage output.  119 
 120 
2. Experimental 121 
2.1. Ultrasound-assisted electrochemically exfoliation method to produce graphene 122 
We have previously reported the experimental details and characterization of our graphene 123 
samples [27]. Briefly, a piece of highly ordered pyrolytic graphite was immersed into an 124 
aqueous electrolyte containing 0.15M NaSO4 and 0.01 M sodium dodecyl sulfate. The pH 125 
value of the solution was adjusted to ~2.0 by dropping sulfuric acid. A Pt wire was placed 126 
into the solution as cathode and the bias is set to 5-6 V during the exfoliation process. The 127 
setup was placed into an ultrasonic bath, which speed up the exfoliation process and reduces 128 
the overall thickness of the final graphene sheets. Within 1 h the graphite was totally 129 
exfoliated and dispersed into the electrolyte. The black solution was centrifuged to remove 130 
thick flakes. Few-layer graphene with 54% bilayer sheets was obtained after the purification 131 
process and dispersed into DMF to form a stable suspension.  132 
 133 
2.2. Mixing MWCNTs with graphene to make composite films. 134 
MWCNTs purchased from ssnano.com are -COOH functionalized and have outer diameters 135 
<8 nm and lengths of 5-20 μm. MWCNTs and graphene sheets were respectively dispersed 136 
into DMF to form suspensions. The two solutions were mixed with controlled weight ratio of 137 
6 
 
MWCNTs to graphene and undergone 1 h ultrasound sonication upon the vacuum filtration 138 
process. This sonication process and the use of alumina membrane (Whatman Co., pore size 139 
20 nm) for filtration ensure uniformity of the composite layer for capacitor electrode. 140 
 141 
2.3. Preparation of conductive DWCNT films as supercapacitor current collectors. 142 
The method for making highly conductive DWCNT film has been reported previously [29, 143 
30]. In brief, double-wall CNTs (purchased from CCNI, batch X647H) were mixed with 144 
chlorosulfonic acid at 2000 ppm with a speed-mixer (DAC 150.1 FV-K, Flak Tek Inc) for 20 145 
min. Then the solution was diluted to 20 ppm to be used for vacuum filtration. The DWCNT 146 
film on an alumina filter (Whatman Co., pore size 0.02 μm) was washed by chloroform to 147 
remove most of the acid (film coagulation), followed by a drying process in air. To transfer 148 
the DWCNT film on a PET substrate, the alumina membrane covered with DWCNT film was 149 
floated onto the surface of 1M NaOH aqueous solution in a petri dish. After etching away the 150 
membrane the DWCNT film was left floating on the solution surface, then the NaOH 151 
solution was drained out and DI water was filled into the petri dish. This process was 152 
repeated three times to ensure the removal of sodium and hydroxide ions. To transfer the film, 153 
a PET substrate was immersed into the water and the DWCNT film landed onto the PET film 154 
by draining off the water. After drying, the DWCNT film is tightly attached to the PET 155 
substrate. Similar transfer process was applied to attach the graphene-MWCNT electrode film 156 
to the DWCNT film.  157 
 158 
2.4. Fabrication of supercapacitors. 159 
To prepare the gelled electrolyte, 1 g PVA powder (molecular weight ~89,000-98,000, Sigma 160 
Aldrich) was added into a mixture solution of 10 ml DI water and 0.8 g concentrated 161 
phosphoric acid (85 % solution in water). The solution was heated to 90 oC under constant 162 
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stirring in order to thoroughly dissolve PVA. Then the clear electrolyte was cooled down 163 
under ambient conditions. To make a device, the PET paper covered with carbon 164 
nanomaterials was cut into rectangular shapes. The electrolyte applied to two electrode films 165 
was allowed to naturally dry in air at room temperature for 5 hours. Then the two films were 166 
stacked together face-to-face by mechanical pressure, and the overlapping area (typical 167 
0.6×0.6 cm2) between two films is used to calculate the specific areal capacitance. The gelled 168 
electrolyte acts as good binder and its thickness is about 15 μm. To study the in-plane 169 
assembly of two supercapacitors in series and to power a light-emitting diode by four unit 170 
supercapacitors, we made the capacitor area of each unit as 1.0×0.8 cm2.  171 
 172 
3. Results and discussion  173 
3.1. Morphology of Carbon films 174 
Graphene sheets produced by our electrochemical exfoliation method are usually composed 175 
of few carbon layers. We introduce ultrasound assistance during the exfoliation process, 176 
which reduces the overall thickness of graphene flakes, producing a majority of bilayer 177 
graphene flakes [27]. The MWCNTs used in this work are -COOH functionalized. The 178 
experimental process to make high-surface-area graphene-MWCNT films for supercapacitors 179 
is illustrated in Fig. 1. First, graphene and MWCNTs with the weight ratio of 1:1 are 180 
ultrasonically mixed in dimethylformamide (DMF) solution. The suspension is vacuum 181 
filtered onto a porous alumina membrane (purchased from Whatman Co., pore size 100 nm). 182 
The -COOH functionalized MWCNTs are entangled, forming micron-size clusters. The 183 
thickness of the sole graphene film is 200-300 nm. The entangled MWCNTs among stacked 184 
graphene sheets make the film surface rough.  185 
      When dried at 50 oC in air, the filter-supported film contracts and detaches from the 186 
membrane, due to the evaporation of DMF and to the weak adhesion force between the 187 
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graphene and the membrane. In order to make a very rough film, the free-standing graphene-188 
MWCNT mixture film is immersed again into DMF to be shattered into tiny pieces by 189 
ultrasound sonication. A second filtration process is carried out to gather these pieces to form 190 
a loose and very rough film (the supercapacitor electrode). The resulting film is transferred 191 
onto a felt-like DWCNT film supported by poly(ethylene terephthalate) (PET) plastic paper. 192 
The flexible PET substrate (100-μm-thick) covered by the carbon materials can be then cut 193 
into any shapes to make solid-state supercapacitors by including a gelled electrolyte prepared 194 
using polyvinyl alcohol (PVA) and phosphoric acid (Fig. 1).    195 
       Field-emission scanning electron microscopy (FE-SEM, Zeiss Sigma VP) was employed 196 
to examine the film morphology. The DWCNT film attached to the PET plastic paper is 197 
about 500 nm in thickness and 29 μgcm-2 in weight per unit area. Without adding MWCNTs, 198 
the graphene film shows a flat surface with creases formed by folded graphene sheets (Fig. 199 
S1). With MWCNT clusters protruding in stacked graphene sheets, the mixture film exhibits 200 
a rough surface (Fig. S2). Compared to the flat graphene film, the graphene-MWCNT 201 
mixture film has larger surface area due to the increased roughness, thus more ions from the 202 
electrolyte can be received and the capacitance is improved.  After shattering the mixture film 203 
and depositing the fragments onto a membrane again, the resultant film becomes rougher and 204 
looser, resulting in 40% increase in capacitance. By keeping the weight of the electrodes 205 
constant, we found that the optimal ratio of graphene to MWCNT is 1:1 (Supplementary 206 
Content). The surface-to-volume ratio of graphene sheets is higher than that of MWCNTs, so 207 
graphene sheets exhibit higher capacitance than MWCNTs when used as capacitor electrodes. 208 
By inserting entangled MWCNTs in the form of porous clusters into the stacked graphene 209 
sheets, the electrode film has not only a rougher surface but also voids inside, thus more 210 
graphene sheets can be exploited to absorb ions from the electrolyte. We however have to 211 
keep enough graphene sheets to act as ion absorbers. By increasing the percentage of 212 
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MWCNTs over the 1:1 ratio, the decreased amount of graphene sheets reduces the surface-to-213 
volume ratio, resulting in a decreased capacitance. 214 
Figure 2 shows the FE-SEM images of graphene-MWCNT mixture films used as 215 
supercapacitor electrodes. In the titled-view images in Fig. 2a and Fig. 2c, the film 216 
morphology can be depicted as mountainous feature. The conductive DWCNT film used as 217 
current collector is beneath the coarse mixture film. It should be noted that the adhesion force 218 
between graphene sheets and the DWCNT film is strong enough to keep the electrode film 219 
attached to the base upon bending (Supplementary Content). Fig. 2b was taken on a free 220 
standing graphene-MWCNT film, showing that rolling hills and caves co-exist in the 221 
electrode film. Such a structure ensures a good infiltration of gelled electrolyte into the film 222 
and increases the capacitance of ions among graphene flakes and MWCNTs.  223 
 224 
3.2. Supercapacitor performance 225 
 226 
Figure 3a shows the current-voltage (CV) curves of a typical device measured at different 227 
voltage scan rates with a range of -1.0 to 1.0 V. The quasi-square shape of these CV curves 228 
indicates good capacitive performance. Galvanostatic charge-discharge (CD) curves of the 229 
device measured at different current values are shown in Fig. 3b.  The nearly triangular shape 230 
of the CD curve indicates stable capacitance during the charge and discharge process; notably, 231 
CD curves reported so far for similar supercapacitors based on graphene/polyaniline or 232 
graphene/MnO2 mixtures are nonlinear and asymmetric [11, 12]. Figure 3c shows the 233 
complex plot of impedance data, measured in the frequency range of 0.04-1.0 MHz. The inset 234 
shows an expanded view for the high frequency region, revealing that the series resistance of 235 
the device is about 30 Ω. This is attributed to the internal resistance of DWCNT film as 236 
current collector and the contact resistance between the DWCNT film and the alligator clip. 237 
The dependence of the phase angle on frequency is shown in Fig. 3d. The phase change is -238 
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80o at low frequency, close to the ideal value of -90o. If we treat the capacitor as a parallel RC 239 
circuit, the phase angle can be expressed as θ=tan-1(Ic/IR), where Ic and IR are the current 240 
values through the capacitor and the resistor, respectively. Hence, the deviation of phase 241 
angle from -90o is due to the current flowing through the gelled electrolyte.  The areal 242 
capacitance can be deduced from the CV curves and the dependence of capacitance on 243 
voltage scan rate is plotted in Fig. 3e. The capacitance gradually decreases increasing the 244 
scan rate, which is a common phenomenon among electrochemical capacitors. The higher the 245 
scan rate, the shorter time for the ions to diffuse into the electrode. Thus high scan rate leads 246 
to the decrease of the ions population in the electrode, accounting for the lower capacitance. 247 
The device stability was tested by repeatedly charging and discharging the capacitor at 100 248 
μAcm-2 for over 4,500 cycles, providing a measure of the capacitance values at different 249 
cycles. The capacitance retention against the number of CD cycles is shown in Fig. 3f. After 250 
continuously cycling the CD process for 3 days the capacitor shows a retention of 92%.          251 
       The energy and power densities of the device are given by a Ragone plot in Fig. 4. We 252 
believe our results are a breakthrough in the development of supercapacitors. For comparison, 253 
approximate values of a thin-film Li battery and a supercapacitor based on laser-scribed 254 
graphene and PVA-H3PO4 gelled electrolyte, reported in Ref.[30], are marked by two ellipse 255 
regions, respectively. It should be noted that the laser-scribed graphene film is about 20-μm-256 
thick and gives rise to ~5 mFcm-2 [24], while in our work the rough graphene-MWCNT film 257 
is <5 μm in absolute thickness and shows a specific capacitance as high as ~10 mFcm-2. The 258 
high capacitance and narrow gap between the two opposite electrodes account for the high 259 
energy density of our supercapacitors, which is ~10-3 Whcm-3. Adding MWCNTs into the 260 
graphene film reduces the sheet resistance (from 14 KΩsq-1 to 5 KΩsq-1); moreover the 261 
DWCNT film used as current collector has a low sheet resistance of 6 Ωsq-1. The low 262 
resistance of both graphene-MWCNT layer and DWCNT film is essential to produce a high 263 
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power output, as the power density is inversely proportional to the resistance. The IR drop in 264 
CD curves in Fig. 3b is too small to be noticed due to this small resistance, and our device 265 
shows high power density in the order of 10 Wcm-3, similar to the commercialized Al 266 
electrolyte capacitor [24].     267 
 268 
3.3. In-plane assembly of supercapacitor cells for high operation voltage 269 
Electrochemical supercapacitors have the drawback of low output voltage, and cannot 270 
compete with ionic batteries. Although the use of ionic-liquid-based electrolyte can increase 271 
the operating voltage window (from ~1 V to ~2.5 V) as well as the energy density [26], the 272 
PVA-acid electrolyte has a double advantage: (i) acting as glue it binds two electrode films to 273 
make sandwich-structured solid state supercapacitors; (ii) to provide H+ ions that can 274 
penetrate deeper into the electrode layer, thanks to their small size. For practical applications, 275 
multiple supercapacitors can be packaged in series, in parallel, or in combinations of the two, 276 
in order to meet different energy and power requirements. Thus, it is important to investigate 277 
the assembly of thin film supercapacitors in various configurations. Herein, we use thin film 278 
supercapacitors with PVA-based gelled electrolyte to create a device assembly for high 279 
voltage output.  Figure 5a shows the optical photograph of two supercapacitor cells sharing 280 
one DWCNT/PET film. Figure 5b illustrates the device structure and tandem connection of 281 
the two supercapacitors. CV curves measured at voltage scan rate of 100 mVs-1 for a single 282 
device, two in series, and four in series are shown in Fig. 5c. The operation voltage is 283 
multiplied by connecting supercapacitors in tandem, while both the total capacitance and the 284 
current in CV loops are decreased. It should be noted that the current value at 0 V is 285 
proportional to the capacitance. CD curves measured at 50 μAcm-2 for a single device, two 286 
and four devices in series, are shown in Fig. 5d. An optical photograph of four 287 
supercapacitors connected in tandem is shown in Fig. 5e. The voltage output is high enough 288 
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to light up a red light-emitting diode (operating voltage range 2.5-5.0 V), as shown in Fig. 5f. 289 
Our study reveals that multiple supercapacitor cells can be assembled in-plane to increase the 290 
voltage output by sharing the same DWCNT film as current collector, indicating the 291 
possibility of making flat supercapacitors as thin as a paper but with appropriate voltage 292 
output for touch-pad and flexible phone applications.  293 
 294 
3.4. The effect of 2D shape of sandwich-structured supercapacitor on the capacitance 295 
 El Kadhi et al. recently reported a consistent decrease of capacitance by increasing the 296 
voltage scan rate or the CD current in electrochemical supercapacitors developed by using 297 
laser-scribed graphene films as electrodes and various electrolytes, including aqueous 298 
solution, gelled PVA with acid, organic liquid electrolyte, and ionic liquid [24, 25]. This 299 
phenomenon seems to be inevitable among electrochemical capacitors. In order to reduce the 300 
capacitance loss at high voltage scan rate or CD current, we studied the capacitance 301 
performance of single supercapacitors with square and rectangular shapes. We found that the 302 
aspect ratio has a strong influence on the capacitance. Two supercapacitors with identical 303 
area but different shapes (square versus rectangular, width to length 5:1) were tested. Their 304 
capacitance values extracted from CV curves and galvanostatic CD curves are compared in 305 
Fig. 6a and 6b, respectively. At low scan rate or low discharge current, the capacitance values 306 
of the two devices are quite close. However, increasing the scan rate or the CD current, the 307 
capacitance of the rectangular-shaped device is higher than that of the square-shaped one. In 308 
Fig. 6c, the plane-view outlines of the two devices are given and the shape effect on the 309 
capacitance is explained by using the two side-view illustrations. In the square-shaped device, 310 
with bias on the CNT film, the electric field is perpendicular to the substrate and the ions in 311 
the gelled electrolyte move vertically into the electrode layer. Likely, in this case the ions 312 
preferentially diffuse along the edges of stacked graphene sheets and those blocked by 313 
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graphene sheets cannot infiltrate deeper. Only at low voltage scan rate or low charge-314 
discharge current the ions have enough time to diffuse deeply into the electrode and spread 315 
into the interfaces of stacked graphene sheets, reaching the maximum capacitance. For the 316 
rectangular-shaped device, the current flowing along the CNT film leads to a voltage drop. 317 
Therefore, the electric field across the electrolyte medium is slant and the ion movement 318 
would have both vertical and horizontal vectors. The horizontal component of the electric 319 
force facilitates the movement of ions into the interfaces of stacked graphene sheets, 320 
increasing the population of ions in the electrode layer. When the voltage scan rate or charge-321 
discharge current are very low, the effect of aspect ratio on capacitance is minor because: (i) 322 
the voltage drop in the rectangular-shaped film is negligible at low current; (ii) there is 323 
enough time for ions to diffuse along the edges and surfaces of stacked graphene sheets to 324 
reach the saturation of ions in the electrode. This means that the choice of the right aspect 325 
ratio is important to increase the capacitance of this kind of devices. This finding will deeply 326 
influence the device design and assembly of unit cells in practical applications. Strip-shaped 327 
supercapacitors would be more suitable to be aligned in parallel for achieving higher 328 
capacitance. In this work membranes are consumed in the preparation of nanocarbon films. In 329 
the future printing or brushing methods can be used to make the DWCNT current collectors 330 
and graphene-MWCNT electrodes suitable for in-plane assembly of uniform unit cells.        331 
 332 
4. Conclusion 333 
In conclusion we have fabricated highly efficient all-carbon-based thin film supercapacitors 334 
using conductive DWCNT films as current collectors and high surface area graphene-335 
MWCNT mixture films as electrodes. These carbon films were coated onto flexible PET 336 
papers to make solid-state electrochemical supercapacitors with gelled electrolyte.  We 337 
developed a technique to increase the surface area as well as the capacitance of the electrode 338 
layer consisting of electrochemically-exfoliated graphene and -COOH functionalized 339 
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MWCNTs. Though the electrode film is few micrometers in thickness, it shows an areal 340 
specific capacitance as high as ~10 mFcm-2. The volume energy and power densities of the 341 
device are in the order of 10-3 Whcm-3 and 10 Wcm-3, respectively. We found that the aspect 342 
ratio of as-prepared film supercapacitor has an important effect on the capacitance.  343 
Rectangular shaped devices with high aspect ratio retain their capacitance more effectively in 344 
fast charge/discharge cycles, likely because of the voltage drop in strip-shaped DWCNT film 345 
as current collector.  The in-plane assembly of supercapacitors in series to increase the 346 
voltage output will lead to space-saving integration of supercapacitor cells for practical 347 
applications. 348 
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Figure Captions 
Fig.1. Illustration of the experimental process for the production of a rough electrode film 
consisting of graphene and MWCNTs.  The sandwich structure of the device is shown.  
 
Fig.2. FE-SEM images of the graphene-MWCNT blend film for the supercapacitor electrodes. 
(a) Tilted-view image of the electrode attached to a CNT film. (b) Plane-view of a free-
standing electrode film. (c) A high-magnification image showing the DWCNT film beneath 
the rough graphene-MWCNT mixture film. 
 
Fig. 3. Performance of a typical supercapacitor. (a) Current-voltage curves measured in the 
range of -1.0 V–1.0 V at different voltage scan rates. (b) Galvanostatic charge-discharge 
curves measured at different current densities. (c) Complex impedance spectrum of the 
device. The inset shows the magnified region at high frequencies. (d) Dependence of phase 
change on frequency. (e) Dependence of capacitance on the voltage scan rate, extracted from 
the CV curves. (f) Stability of the device tested by cycling the charge-discharge process at100 
μAcm-2 for three days. 
 
Fig. 4. The Ragone plot showing energy and power densities of the device. For comparison, 
the values of Li thin film battery and a similar supercapacitor based on laser-scribed graphene 
from Ref.[24, 25] are roughly marked.  
 
Fig. 5. (a) An optical photograph demonstrating the in-plane assembly of two supercapacitors. 
The device structure and tandem connection are illustrated in (b). (c) CV curves measured at 
60 mVs-1 for a single, two and four devices in series. (d) CD curves measured at 50 μAcm-2 
for a single device, two, and four devices in series. (e) and (f) Optical photographs showing 
the connection of four supercapacitors in series and the capability of powering a LED. 
 
 
Fig. 6. Capacitance comparison for two supercapacitors with different shapes: square and 
rectangular. (a) and (b) Variations of  capacitance against voltage scan rate and CD current 
value, respectively. (c) Top: plane-view outlines of the two devices; bottom: illustration 
showing the difference of the ions diffusing path in the square-shaped and rectangular-shaped 
devices. For the right-hand device, the voltage drop along the DWCNT film leads to the 
horizontal movement of ions in the electrode layer, accounting for the increase of capacitance.  
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Fig.1. Illustration of the experimental process for the production of a rough electrode film 
consisting of graphene and MWCNTs.  The sandwich structure of the device is shown.  
 
 
Fig.2. FE-SEM images of the graphene-MWCNT blend film for the supercapacitor electrodes. 
(a) Tilted-view image of the electrode attached to a CNT film. (b) Plane-view of a free-
standing electrode film. (c) A high-magnification image showing the DWCNT film beneath 
the rough graphene-MWCNT mixture film.  
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Fig. 3. Performance of a typical supercapacitor. (a) Current-voltage curves measured in the 
range of -1.0 V–1.0 V at different voltage scan rates. (b) Galvanostatic charge-discharge 
curves measured at different current densities. (c) Complex impedance spectrum of the 
device. The inset shows the magnified region at high frequencies. (d) Dependence of phase 
change on frequency. (e) Dependence of capacitance on the voltage scan rate, extracted from 
the CV curves. (f) Stability of the device tested by cycling the charge-discharge process at100 
μAcm-2 for three days.  
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Fig. 4. The Ragone plot showing energy and power densities of the device. For comparison, 
the values of Li thin film battery and a similar supercapacitor based on laser-scribed graphene 
from Ref. [20] are roughly marked.  
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Fig. 5. (a) An optical photograph demonstrating the in-plane assembly of two supercapacitors. 
The device structure and tandem connection are illustrated in (b). (c) CV curves measured at 
60 mVs-1 for a single, two and four devices in series. (d) CD curves measured at 50 μAcm-2 
for a single device, two, and four devices in series. (e) and (f) Optical photographs showing 
the connection of four supercapacitors in series and the capability of powering a LED. 
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Fig. 6. Capacitance comparison for two supercapacitors with different shapes: square and 
rectangular. (a) and (b) Variations of  capacitance against voltage scan rate and CD current 
value, respectively. (c) Top: plane-view outlines of the two devices; bottom: illustration 
showing the difference of the ions diffusing path in the square-shaped and rectangular-shaped 
devices. For the right-hand device, the voltage drop along the DWCNT film leads to the 
horizontal movement of ions in the electrode layer, accounting for the increase of capacitance.  
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High Performance all-carbon Thin Film Supercapacitors 
  
Jinzhang Liu, Francesca Mirri, Marco Notarianni, Matteo Pasquali, Nunzio Motta   
 
 
1. Comparison of the graphene film and graphene-MWCNT mixture film 
The graphene film attached to a DWCNT film on PET is depicted in Fig. S1. The plane-view 
image in Fig. S1a shows that the film surface has low roughness. The flexible graphene 
sheets fold to form ridges as show in the inset as a magnified view. The tilted-view image in 
Fig. S1b reveals that the thickness of graphene film is ~250 nm. The graphene film was 
tightly attached to the DWCNT film without using any binding additive. A thin layer of 
DWCNTs was found sticking to the graphene film if mechanically scratched off the substrate.  
 
 
 
Fig. S1. FE-SEM images of the graphene film attached to a DWCNT film on PET substrate.(a) Plane-
view image showing the flat surface. A close view of the film is shown in the inset.  (b) Tilted-view 
image of the graphene/CNT film.  
 
      Figure S2 shows the FE-SEM images of the graphene-MWCNT mixture film after the 
first filtration process. The thickness of stacked graphene sheets is few hundreds of 
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nanometers, however the addition of MWCNT micro-clusters largely increases the film 
roughness. In Fig. S2b, the side-view image shows a MWCNT cluster inserted into the 
stacked graphene sheets. We cut the film for SEM observation and the graphene film was 
detached off the DWCNT film at the edge. However, it can be seen that some DWCNTs from 
the bottom film are still linked to the graphene layer due to the binding force between 
DWCNTs and graphene. The region in dotted square is shown in Fig. S2c, revealing loose 
and entangled MWCNTs forming the particle.  
 
 
 
Fig. S2. FE-SEM images of the graphene-MWCNTs mixture film after the first filtration process. (a) 
Tilted-view of a free-standing film. (b) Side-view image of a film detached from the CNT film. Some 
CNTs from the base remained linked to the upper graphene layers. A cluster of MWCNTs surrounded 
by graphene sheets is shown in (c).   
 
       By maintaining the total weight constant, we made electrode films with a different 
amount of MWCNTs and found that the optimal ratio of graphene to MWCNT is 1:1 to 
achieve the maximum capacitance. The variation of capacitance against the percentage of 
graphene in the mixture film is shown in Fig. S3. The capacitance of the electrode with 50% 
MWCNTs is 1.32 times higher than that of the sole-graphene electrode.    
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Fig. S3. Variation of the capacitance versus the graphene percentage in the graphene-MWCNT 
mixture electrode.  
 
 
2. Calculations 
 
From the CV curves the capacitance can be calculated by using the current (I0) value at V=0 
and the scan rate dV/dt, as C=I0/(dV/dt). To calculate the capacitance using galvanostatic CD 
vurves, the current I and the slope of the discharge curve, dV/dt, are used: C=I/(dV/dt).  
     The power of a single supercapaictor is calculated from the galvanostatic curves at 
different charge/dishcarge current densities using the following formular:  
ܲ ൌ ሺ∆ܸሻଶ/4ܴாௌோܣ݀                              (1) 
Where P is the power (Wcm-3), ΔV is the operating window (measured in volts and obtained 
from the discharge curve excluding the IR drop), A is the area and d is the thickness of gelled 
electrolyte layer. In our experiment ΔV is ~1 V as the Vdrop is extremely small (see Fig. S4).  
RESR is the internal resistance of the device that can be estimated from the voltage drop at the 
beginning of the discharge and from the discharge current I as ܴாௌோ ൌ ௗܸ௥௢௣ 2ܫ⁄ .  
     The energy density of the device is obtained by using Eq. (2):  
ܧ ൌ ܥ ൈ ሺ∆ܸሻଶ/ሺ2 ൈ 3600 ൈ ݀ሻ                  (2) 
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Where E is the energy density in Whcm-3, C is the areal capacitance, and d is the gap between 
two opposite electrodes.  
 
 
Fig. S4. A typical galvanostatic charge-discharge curve measured at 60 μAcm-2. The IR drop is shown 
by zooming in the peak.   
 
 
 
 
 
 
 
 
 
 
 
 
 
